Abstract-This paper applies a phasor-only state estimator (PSE) to a large power system consisting of two control regions, using synchrophasor data from 56 765/345/230 kV substations. Although the technique has been previously developed, this paper describes a topology processor to determine the redundant clusters of connected buses such that the PSE can be used in real time. This PSE allows corrections for phase biases, transformer taps, and current magnitude scaling. The ability to simultaneously solve the PSE for the two control regions is due to a PMU monitoring a tie-line between these two regions. The results show that with this method, the total vector errors of the measured voltage phasor data in these two control regions average to less than 0.5% under ambient conditions. The PSE also computes virtual phasor measurements on 70 buses that do not have PMUs, including large steam generator and wind-turbine generator substations.
phasor measurements at these non-PMU substations, referred to as virtual PMU measurements, a static state estimator (SE) running at the same sampling frequency as the PMU data will be used.
There are two ways to use PMU data in state estimation. The PMU data can be used to augment the conventional SCADA SE [1] . However, such an SE would still only provide estimated values every 4-5 s. The first SE using only phasor data was proposed in [2] and [3] . It is a linear SE because by expressing the voltage variables in the rectangular form, the least-squares problem to reduce measurement noise is solved in one step. This positive-sequence technique has recently been extended to a PMU-based three-phase linear SE [4] .
The PSE in [5] and [6] extends the linear SE to correct for (1) phase biases in PMU channels, (2) current scaling errors, and (3) transformer tap ratios. The rationales for using this approach have been discussed in [5] and [6] . Note that the correction factors can be accommodated in the solution process if there is sufficient PMU data redundancy. Including the correction factors, this PSE formulation is no longer linear and requires an iterative solution.
There are two main contributions in the paper. In [5] and [6] , the network topology is fixed. The application here deals with PMU data dropout as well as line outage. Thus the first contribution of this paper is the development of a topology processor to automatically group the buses into "redundant clusters" so that the PSE solution can be computed for each cluster. This is achieved with a Redundant Cluster Algorithm that also provides a necessary and sufficient network property for the PSE to compute the correction factors. This development is important for real-time applications because line status information is often not transmitted with the PMU data stream. Thus in case of line outages or PMU data losses, the topology processor will adaptively determine appropriate redundant clusters for which PSE solutions can be computed.
The second contribution is relating the experience of applying the PSE method to the 765/345/230 kV power network of NE and NY. When all the lines and PMUs are in service, the PSE solution includes a path connecting Western NY substations to Eastern Maine substations, a distance of about 700 mi, in which the currents on all the transmission lines in this connected path are measured by PMUs. Several sets of PMU data including ambient conditions and disturbance events were investigated. The quality of the PMU data in terms of the total vector error (TVE) was analyzed. The virtual PMU measurements were then used The reminder of the paper is organized as follows. Section II provides a summary of the PSE algorithm. Section III provides the details of the topology processor to identify the redundant clusters. Sections IV and V describe the results of applying the PSE to the combined NY and NE system.
II. PSE ALGORITHM
A PSE is formulated based on the voltage and current phasor relationship across a transmission line (see Fig. 1 ) given bỹ
and across a transformer (see Fig. 2 ) given bỹ
where the voltage phasor at Bus i isṼ i = V i ∠θ i with V i the magnitude and θ i the phase, the current phasor from Bus i to Bus k isĨ ik = I ik ∠δ ik with I ik the magnitude and δ ik the phase, (R T , X T ) are the transmission line or transformer resistance and reactance, respectively, B T is the transmission line charging, and a is the tap ratio. No PMU measurements of loads and injections are assumed. The purpose of the PSE is to estimate the voltage phasors at buses without PMUs and reduce the noise and calibration errors in the measured PMU data. The PSE problem is formulated in polar coordinates, as it would readily incorporate the angle and magnitude corrections for the measured phasors. An assumption here is that every PMU will have a voltage measurement, in addition to current measurements. Each voltage and current phasor measurement will generate two error equations for magnitude and phase, given by
where φ i is the phase bias correction for the ith PMU, which is applied to all the channels in the same PMU, and c ik is the scaling factor for the measured current from Bus i to Bus k. Note that φ i is applied to all PMUs except for the reference PMU, and c ik is selectively applied to line current measurements that can be calculated based on phasor voltage measurements.
The error expressions in (3) can be combined into an error vector 
where m is the dimension of e and W j j is the (j, j) entry of the diagonal weight matrix W . The optimization (5) is solved iteratively using the GaussNewton method on the over-determined system of equations
where the Jacobian matrix is 
and the vector x contains the unknown variables
When the PSE is applied to a system with N d buses with PMUs possessing N d voltage measurements and N line current measurements, and N r buses without PMUs, the dimensions of e V and e θ are both N d and the dimensions of e I and e δ are both N . Thus m = 2(N d + N ). In the x vector, the dimensions of V and θ are both (N d + N r ), and that of φ is (N d − 1) , as the phase of the reference PMU is not included. The dimensions of the tap ratio a and the current scaling factor c will depend on measurement redundancy. Furthermore, a current scaling factor c ik is used only if it is determined that there is a significant error in the current measurement.
An essential part of this PSE algorithm is to ensure that J has full column rank. The redundant clusters developed in the next section will guarantee that the columns of J due to the variables V , θ, and φ will have full rank. When additional redundancy is available, like having PMU current measurements on both ends of a line, a current scaling factor can be added. The tap ratio a is estimated only when the transformer is a tap changing transformer with PMU voltage and current measurements on both sides of the transformer. This nonlinear optimization converges very fast (one or two iterations during ambient conditions). If the differences between the raw PMU measurements and the PSE solutions are sufficiently small, the probability is high that an optimal solution has been obtained.
Based on the definition of the TVE (see (9)), the weights W j j for e V and e θ are all set to unity. The weight of the current magnitude for the line connecting Buses i and k is set to min(1/I ik , 1). The weight for the current phase δ is set to 0.2 for all the current measurements, as a current phase signal tends to have more noise. Note that both θ and δ have units of radians.
III. REDUNDANT CLUSTERS AND TOPOLOGY PROCESSING
In previous work [5] , [6] on this PSE approach involving small systems, a cluster of buses was assembled to ensure that J is full rank. As this paper extends the PSE to a large system, it is necessary to formalize a method so that a cluster of buses can be obtained to ensure the full-rankness of J. For this discussion, the buses in a power network are classified into four categories: 1) PMU bus: A PMU bus is a bus equipped with a PMU measuring its bus voltage phasor and one or more line current phasors. 2) Observable bus: An observable bus is one whose voltage phasor can be computed from a PMU on a neighboring bus. 3) Redundant bus: A redundant bus is one whose voltage phasor can be computed independently from PMUs on two or more neighboring buses. 4) Unobservable: An unobservable bus does not have any connections with a PMU current measurement. Note that the notion of a redundant bus has been proposed for enhancing the robustness of PMU-based state estimation [7] .
A redundant cluster is defined as a group of PMU and redundant buses that are linked by PMU current measurements. A redundant cluster forms an observable island, but an observable island is not necessary a redundant cluster. To illustrate, consider the radial 4-bus system shown in Fig. 3(a) , where Buses 1 and 4 are PMU buses and Buses 2 and 3 are observable, by virtue of the line current phasor measurements on Lines 1-2 and 3-4. In the linear SE [3] , this system is observable because knowing the network parameters, the voltage phasors of Buses 2 and 3 can be found from the PMU measurements, such that the current on Lines 2-3 can be computed. However, in the proposed PSE, this system does not form a redundant cluster because the line current between Buses 2 and 3 is not measured. Next consider the same radial system with PMU voltage measurements on Buses 1 and 3, and current phasor measurements on all three lines (see Fig. 3(b) ). Here Bus 2 is a redundant bus, and Buses 1, 2, and 3 form a redundant cluster. For this cluster, J is full rank.
In order to migrate the PSE from studying a small-scale system as a proof of concept to a large-scale study of a real system, it is necessary to automate several processes that were previously done manually. This section discusses the three main components of topology processing: (1) finding observable and redundant buses, (2) finding redundant clusters, and (3) identifying bad or missing PMU data. It should be noted that the PMU data from NY and NE does not contain circuit-breaker/switch status information.
A. Pre-Processing Algorithm
The purpose of the Pre-Processing Algorithm is to classify each of the buses in the network into one of the four bus types: PMU, observable, redundant, and unobservable. The steps of this algorithm are given below, using the notation that there are . . , N r }. Note that if the PMU current magnitude measurement is zero, either the current measurement is not captured or the line is not in service. In either case, this measurement is discarded as the voltage phasor on the connected bus cannot be computed. The bus classification may change depending on the available PMU data. Table I shows the result of applying the Pre-Processing Algorithm to the example system in Fig. 4 .
B. PSE Redundant Cluster Algorithm
After the redundant buses have been obtained, the Redundant Cluster Algorithm shown in kept. For the PMU buses in Table I 
The essence of the algorithm in Fig. 5 is to start from any PMU bus, and use the listL d,i to find all the PMU and redundant buses connected to it. In the next iteration, from the listsL d,i and L n,k , find additional connected PMU and redundant buses. Iterate until all the new connected buses have already been included in the process. These buses will form a redundant cluster. Next check if all PMU buses have been already included in one of the clusters. If not, repeat the algorithm to find a new redundant cluster. The algorithm ends when all the PMU buses are in the redundant clusters.
The steps in the Redundant Cluster Algorithm are shown for the system in Fig. 4 . For the first cluster, start with the PMU on Bus A. BecauseL d,A is empty, the clustering algorithm would terminate with only Bus A in this cluster.
For the second cluster, Bus C, a bus not in the first redundant cluster, is picked as the starting bus (see Fig. 6 , top plot). A property of these two redundant clusters is that for any bus in Cluster 1, there is no connected paths to any bus in Cluster 2 in which all the branches have PMU current measurements, because there is no PMU current measurements on the branch between Buses 2 and 3. This observation can be generalized to the following result. Proof: The sufficiency of this condition follows directly from the Redundant Cluster Algorithm, with the assumption that each current is accompanied by a voltage measurement. To prove necessity, assume on the contrary that one cannot find a path between Buses i and j in the same cluster with current phasor measurements on all the connecting branches. That is, for every path between Buses i and j, there is one branch with no current measurements. Thus the Redundant Cluster Algorithm would not be able to put Buses i and j in the same cluster, implying a contradiction.
Theorem 1 allows the incorporation of angle bias correction at all the PMU buses in a redundant cluster except for the reference bus. Line-current scaling and tap ratio estimation are feasible if there is enough PMU data redundancy.
C. Data Management
Even though this task is discussed last, it takes place before the Pre-Processing Algorithm. This task ensures that only good data is used in PSE.
1) Bad Data:
The Bad Data Detection Algorithm detects unreasonable data and channel dropouts. The function first excludes the measurements containing NaNs, empty cells, or values that are very small. 1 Then it checks that the voltage and current measurements are within the following ranges:
Measurements that violate these conditions are removed and thus are treated as missing data.
To detect other bad data problems such as erroneous PMU measurements, many techniques used in SCADA SEs such as the least absolute value (LAV) method can be used [9] . So far in the NY-NE PMU data, no erroneous voltage phasors had been detected. Some poorly calibrated current channels had shown higher errors. However, once current magnitude scaling factors were applied to those channels, the measurement errors would usually decrease significantly. In the future, it would be desirable to implement some automated and robust bad data detection algorithms such as the LAV algorithm in the PSE.
2) Data Dropouts: The Data Dropout Processor is responsible for ensuring that occasional missing measurements do not alter the redundant clusters. This is accomplished by replacing missing data with the last reliable measurement, thus allowing as many PMU buses as possible to be used in the PSE. Channels that have excessive amount (more than 30%) of missing data will be removed and treated as data dropouts, which may affect the size of the redundant clusters. The most significant issue for using the PSE is the loss of PMU data, particularly when a regional phasor data concentrator (PDC) fails to transmit all its PMU data at a certain time stamp to the ISO PDC. More advanced missing data recovery algorithms [8] can be used to fill in missing data.
D. Computing Virtual PMU Measurements
Virtual PMU measurements for the redundant buses are directly computed in the PSE algorithm. After the PSE solution has been obtained, the computed PMU currents directed toward the observable buses are used to calculate the voltage phasors on the observable buses.
E. Some Remarks on Topology Processing and PSE
The clustering algorithm in some respect is similar to SCADA data observability algorithms. For example, if the angles are stripped from the PMU voltage measurements and the power flow measurements are substituted for the PMU current measurements, a redundant cluster would be an observable network [9] . However, in the clustering algorithm, the redundant buses are separated from the observable buses. Also in a SCADA SE, there is no angle bias to correct. Using PMU and redundant buses, topology processing is quite straightforward. In the present form, the PSE does not take zero-injection buses into account. If zero-injection bus information is used, it might be possible to obtain larger redundant clusters. For example, if Bus 2 in Fig. 3(a) were a zero-injection bus, then all four buses would belong to a single redundant cluster. When a zero-injection bus has more than two lines with PMU measurements, the situation is less clear due to the PMU angle biases. This issue is currently under investigation.
The PSE generates a power network solution for the redundant cluster at the same 30-points-per-second rate as a PMU. The dynamics of the power system will be visible from the PSE solution, although no dynamic equations such as generator models and electromagnetic equations are used. The assumptions here are: (1) the dynamics due to electromagnetic transients have already decayed, and (2) the machine states are "frozen" during the PSE solution.
The PSE solution can be useful for dynamic state estimation. For example, virtual measurements can be computed for generators without PMUs at their terminal buses. Then the computed terminal bus voltage phasors and current injections can be used to validate and/or identify generator and excitation system model parameters.
IV. APPLICATION TO A REAL SYSTEM
As a demonstration of the proposed method, the PSE is applied to the combined NE-NY system using PMUs on 56 765/345/230 kV substations. The PMU placement process in the NY region is documented in [10] . The detailed PMU installation configuration in the substations is not available, but is expected to be similar to instrumentation for traditional SCADA systems. Most PMUs have been installed in the last few years, although 10 PMUs are older units. These m-class PMUs [11] are supplied by multiple vendors. There is no calibration information to indicate whether these PMUs are compliant to the 1% TVE (see (9) ) as specified in [11] for steady-state and dynamic conditions, although there is indication that their phasor measurement accuracies are quite high. The PSE can offer a system-wide evaluation of the accuracies of this group of PMUs as a whole. In this PMU network, there are 128 voltage phasors 2 and 201 current phasors. When all the PMU measurements are available and there is no line outage, applying the pre-processing and Redundant Cluster Algorithms results in a redundant cluster of 87 buses containing 56 PMU buses and 31 redundant buses. The voltage phasors on an additional 39 observable buses can also be computed based on the PSE solution for the redundant cluster. Thus applying the PSE to the system would result in virtual PMU data for 70 non-PMU buses. The longest connected path in this cluster starts from a substation in Western NY and goes through 30 buses to a substation in Eastern Maine. There are 25 PMUs in this path, measuring the currents in all the connecting branches. It should be noted that at present, the current flow on only one of the tie-lines between NE and NY is measured by a PMU. When this tie-line is out of service, NE and NY will become two separate redundant clusters.
The PSE computed estimated phasor data for several scenarios: (1) a steady-state or ambient condition, (2) Event 1 for a generator trip in NE at 65 s, and (3) Event 2 for a generator trip in Ontario at 69.5 s.
The PSE was solved with angle bias correction, current scaling, and tap estimation. Note that one control region uses phase a as the positive-sequence reference, and the other area uses phase b as the positive-sequence reference, resulting in a 120
• discrepancy. The PSE was able to automatically account for this 120
• in angle bias correction. On the other hand, this discrepancy can be readily resolved by rotating the appropriate voltage and current phasors by 120
• before starting the PSE calculation. Accuracy for the PMU data is measured using the TVE defined in IEEE C37.118 [11] . Normally the phasors obtained from the PMUs associated with the most accurate instrumentation can be used as reference phasors. This information is not available for this set of PMUs. As a compromise, the PSE solution based on real system branch parameters is treated as reference phasors. This is practical if there is only a small TVE between the measured and estimated phasors, pointing to high data quality. However, if there is a large discrepancy between the measured and estimated phasors, then such a comparison would not be 2 Many substations have multiple voltage measurements. meaningful. Instead, a user should track down the sources of error, such as undetected topology errors and inaccurate current scaling factors that cannot be corrected in the PSE.
In this paper, two comparisons are performed: one is based on the raw PMU data, and the second on PMU data with angle bias and current magnitude scaling. The raw PMU data TVE is computed as
whereas the corrected PMU data TVE is computed as 
Table II shows the average TVE r and TVE c of the steady state and Events 1 and 2 measurements. 3 Note that the TVE c is less than half of the raw TVE r in most cases. Most of the improvement is due to the angle bias correction, which is critical in this application as there are some short transmission lines with angle differences of less than 0.1
• across the lines. A small phase error may still result in several hundred MW flowing in the opposite direction on these low-impedance lines. 4 The steady-state PSE solution also correlates well with the SCADA solution. Table II also indicates that the quality of the PMU data in NY and NE is quite high, especially at this nascent stage of PMU deployment. The conversion factors on some of the current channels definitely need to be updated, which is a one-time fix. The remainder of the TVE may be due to unbalanced threephase operation and line parameter error. However, it would be quite difficult to further improve on the average TVE of less than 1%.
V. SYSTEM MONITORING USING VIRTUAL PHASOR MEASUREMENTS
One of the benefits of PSE is the estimation of virtual measurements of non-PMU buses so that additional transient responses can be monitored. computed for various scenarios and plotted. Note that in the plots, voltages and currents are given in per unit (p.u.), whereas P and Q are given in MW and MVar, respectively.
A. Generator Response
In general, generator owners in the two control regions are not required to install PMUs at the generator substations. However, if the generator terminal bus is redundant or observable, then the terminal voltage phasor and the total current output of a generator can be computed from PMUs on adjacent buses. Fig. 7 displays the generator voltages on the primary and secondary of the step-up transformer, Fig. 8 shows the generator current phasor, and Fig. 9 shows the active and reactive power output of a large generator in New York for Event 2. This loss-of-generation event reduced the active power flow in NY and as a result, also the need for reactive power. The generator excitation system worked well, holding the generator voltage near the steady-state value by reducing the Q output. The time response also showed that the P output of this generator did not seem to respond to the frequency drop.
Wind plants are also not required to install PMUs. For Event 2, Figs. 10 and 11 display the voltage, current output, and power output at the point of connection for a wind hub with several wind farms, each with multiple turbines, using PMU measurements from adjacent buses. Note that the reactive power output from the wind hub had also dropped. 
B. Tie-Lines
There are two tie-lines between the control regions of interest here: one tie-line is measured by a PMU, but the other has no PMU measurements. However, the flow on the second tie-line can be calculated with virtual PMU data. Fig. 12 shows the real and reactive power of the PMU monitored tie-line for 1 min of ambient data. Fig. 12 also shows the active and reactive power calculated from the raw PMU data. These plots are practically indistinguishable, attesting to the accuracy of the PMU data and the PSE solution. Fig. 13 displays the estimated real and reactive power for the non-PMU tie-line. Note the correlation in the dynamics of the two tie-lines. 
C. Dynamic Devices: HVDC Terminals and STATCOMs

VI. CONCLUSION
This paper applies a PSE with correction factors to a large high-voltage power transmission system, resulting in improved TVE of the measured data. From the virtual PMU measurements obtained on the non-PMU base, many additional system conditions can be monitored. A topology processor is developed to deal with data losses and line outages, which is important for real-time application of the PSE. A development real-time PSE has been coded in C# and is able to compute the NE PSE solution continuously at 30 times/s on a computer with a 3.0 GHz i7-4790 processor and 32 GB RAM. The applications of the PSE to other power grids would be needed to further develop the technology.
Also needed are more comprehensive methods for evaluating PMU and PSE accuracy. There are several possibilities, including more PMUs providing additional redundancy in the PSE or very accurate instrumentation in a sufficient number of PMUs such that their data can be used as reference values for evaluating the accuracy of other PMUs. 
